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Frustrated total internal reflection switch using waveguides and method of operation 



(57) An optical switch for processing an optical sig- 
nal includes an input waveguide having a reflective sur- 
face, a first output waveguide coupled to the input 
waveguide, and a second output waveguide. The sec- 
ond output waveguide has a first position spaced apart 
from the reflective surface of the input waveguide such 



that the reflective surface totally internally reflects an op- 
tical signal toward the first output waveguide. The sec- 
ond output waveguide has a second position in proximal 
contact with the reflective surface to frustrate the total 
internal reflection of the optical signal such that the sec- 
ond output waveguide receives the optical signal. 
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Description 

TECHNICAL FIELD OF THE INVENTION 

[0001] This invention relates to the field of frustrated 
total internal reflection devices and more particularly to 
a frustrated total internal reflection switch using 
waveguides. 

BACKGROUND OF THE INVENTION 

[0002] Fiber-optic communication systems include 
optical components, such as optical fibers coupled to 
switching components, that receive, transmit, and oth- 
erwise process information in optical signals. The 
switching components in a fiber-optic communication 
system selectively direct the information carried by the 
optical signal to one or more other optical components. 
A problem with optical switches for existing fiber-optic 
communication systems is that they require many com- 
plex optical components to perform the switching func- 
tion. This adds to the cost and size of the fiber- optic 
communication system. It also leads to slower switching 
speeds and difficulties with aligning the switching com- 
ponents. 

SUMMARY OF THE INVENTION 

[0003] A frustrated total internal reflection switch us- 
ing waveguides is provided that substantially eliminates 
or reduces disadvantages and problems associated 
with previous optical switches. 

[0004] In accordance with one embodiment of the 
present invention, an optical switch for processing an 
optical signal includes an input waveguide having a re- 
flective surface, a first output waveguide coupled to the 
input waveguide, and a second output waveguide. The 
second output waveguide has a first position spaced 
apart from the reflective surface of the input waveguide 
such that the reflective surface totally internally reflects 
an optical signal toward the first output waveguide. The 
second output waveguide also has a second position in 
proximal contact with the reflective surface to frustrate 
the total internal reflection of the optical signal such that 
the second output waveguide receives the optical sig- 
nal. 

[0005] Another embodiment of the present invention 
is a method for processing an optical signal that includes 
communicating an optical signal in a first waveguide and 
totally Internally reflecting the optical signal at a reflec- 
tive surface of the first waveguide toward a second 
waveguide. The method continues by placing a third 
waveguide in proximal contact with the first waveguide 
to frustrate the total internal reflection of the optical sig- 
nal. The method concludes by receiving the optical sig- 
nal in the third waveguide. 

[0006] Yet another embodiment of the present inven- 
tion is an optical switch for processing an optical signal 



that includes an input waveguide having a reflective sur- 
face, a first output waveguide coupled to the input 
waveguide, a second output waveguide, and a switch- 
ing waveguide. The switching waveguide has a first po- 

s sition spaced apart from the reflective surface of the in- 
put waveguide such that the reflective surface totally in- 
ternally reflects an optical signal toward the first output 
waveguide. The switching waveguide also has a second 
position in proximal contact with the reflective surface 

to to frustrate the total internal reflection of the optical sig- 
nal such that the switching waveguide communicates 
the optical signal toward the second output waveguide. 
[0007] Technical advantages of the present invention 
include a frustrated total internal reflection optical switch 

is that switches one or more optical signals using 
waveguides. By using waveguides to guide an optical 
signal to the switching region and to perform the switch- 
ing operation, the present invention eliminates the need 
for costly and sometimes complex optical components. 

20 This results in a smaller packing density for the optical 
switch of the present invention and a more efficient, fast- 
er switching operation. 

[0008] While in a switched state, the contact surface 
of a waveguide is typically piaced in proximal contact 

2s with a reflective surface of another waveguide to frus- 
trate the total internal reflection of the optical signal. A 
small portion of the optical signal may be reflected, how- 
ever, at the reflective surface and processed as though 
the switch is operating in the unswitched state. This un- 

30 desired result is one source of a crosstalk signal in the 
system. 

[0009] Another technical advantage provided by the 
present invention is that the optical switch reduces the 
effects of a crosstalk signal generated by the above- 

35 identified reflection. In particular, the optical switch of 
the present invention processes any crosstalk signals 
so that a large portion of a crosstalk signal is not re- 
ceived by an optical component of the optical switch. 
The negative effects of a crosstalk signal are thereby 

40 reduced. 

[0010] For example, in the switched state, an unde- 
sired crosstalk signal resulting from residual reflection 
at the FTIR interface between a reflective surface and 
a contact surface is further processed by a return -loop 

45 waveguide to reduce the crosstalk signal intensity. In 
particular, the crosstalk signal radiation is conveyed by 
the return-loop waveguide to a second FTIR interface 
within the output waveguide signal path. In the switched 
state this second FTIR waveguide interface frustrates 

so the total internal reflection of the crosstalk signal at the 
reflective surface of the output waveguide. As a result, 
the small, undesired residual portion of the original op- 
tical signal undergoes further reduction in its intensity at 
this second FTIR interface. Therefore, only a negligible 

55 portion of the original optical signal, if any, comprises a 
crosstalk signal that may actually reach an optical com- 
ponent of the switch. Thus, the crosstalk signal is dissi- 
pated and its effects become negligible. The reduction 
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in the magnitude of the crosstalk signal in the present 
invention will be referred to as a crosstalk improvement. 
[0011 J Another important advantage of the optical 
switch relates to the crosstalk improvement described 
above. Generally, the crosstalk signal described above s 
is generated as a result of imperfections in the compo- 
nents of the optical switch, such as imperfections in the 
reflective and contact surfaces of the waveguides, or in 
less than ideal actuator performance which results in a 
slight air gap at the interface between the reflective and 10 
contact surfaces of the waveguides. By reducing the 
magnitude of crosstalk signals to acceptable levels dur- 
ing the operation of the optical switch using the return- 
loop waveguide, as described above, manufacturing tol- 
erances for the components used in the switch may be 15 
increased, and components are thus easier and less 
costly to manufacture. For example, the reflective and 
contact surfaces of the waveguides may be constructed 
with increased surface roughness and still meet industry 
standards in minimizing crosstalk. Also, components 20 
having a greater degree of environmental contamination 
can be used, and still provide acceptable crosstalk per- 
formance during the operation of the switch. 
[0012] In addition to supporting increased manufac- 
turing tolerances for optical components, the use of the 25 
return-loop waveguides of the present invention allows 
actuator performance requirements to be relaxed. For 
example, the degree of proximal contact to which the 
actuator brings the reflective and contact surfaces of the 
waveguides may be relaxed and still provide acceptable 30 
crosstalk performance during the operation of the 
switch. 

[0013] Other technical advantages are readily appar- 
ent to one skilled in the art from the following figures, 
descriptions, and claims. 35 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0014] For a more complete understanding of the 
present invention and its advantages, reference is now <o 
made to the following description taken in conjunction 
with the accompanying figures in which like reference 
numbers indicate like features and wherein: 

FIGURE 1A illustrates a 1 x 2 embodiment of an 45 
optical switch operating in an un switched mode in 
accordance with the present invention; 
FIGURE 1 B illustrates the 1 x 2 embodiment of the 
optical switch operating in a switched mode; 
FIGURE 2A illustrates a 1 x 2 embodiment of the so 
optical switch using a switching waveguide to oper- 
ate in an unswitched mode; 
FIGURE 2B illustrates the 1 x 2 embodiment of the 
optical switch using the switching waveguide to op- 
erate in a switched mode; 55 
FIGURE 3A illustrates a 2 x 2 embodiment of the 
optical switch operating in an unswitched mode; 
FIGURE 3B illustrates the 2 x 2 embodiment of the 
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optical switch operating in a switched mode; 
FIGURE 4A illustrates a 2 x 2 embodiment of the 
optical switch using a switching waveguide to oper- 
ate in an unswitched mode; 
FIGURE 4B illustrates the 2 x 2 embodiment of the 
optical switch using the switching waveguide to op- 
erate in a switched mode; 

FIGURE 5A illustrates a 1 x 2 embodiment of the 
optical switch using a return-loop waveguide to op- 
erate in an unswitched mode; 
FIGURE 5B illustrates the 1 x 2 embodiment of the 
optical switch using the return-loop waveguide to 
operate in a switched mode; 
FIGURE 6A illustrates a 2 x 2 embodiment of the 
optical switch using a return-loop waveguide to op- 
erate in an unswitched mode; 
FIGURE 6B illustrates a 2 x 2 embodiment of the 
optical switch using the return-loop waveguide to 
operate in a switched mode; 
FIGURE 7 illustrates an arrangement of 
waveguides of the optical switch; 
FIGURE 8A illustrates a 1 x 2 embodiment of the 
optical switch using planar waveguides to operate 
in an unswitched mode; 

FIGURE 8B illustrates a 1 x 2 embodiment of the 
optical switch using planar waveguides to operate 
in a switched mode; 

FIGURE 9A illustrates a 2 x 2 embodiment of the 
optical switch using planar waveguides to operate 
in an unswitched mode; 

FIGURE 9B illustrates a 2 x 2 embodiment of the 
optical switch using planar waveguides to operate 
in a switched mode; 

FIGURE 10A illustrates a 1 x 2 embodiment of the 
optical switch using planar waveguides and optical 
fibers to operate in an unswitched mode; 
FIGURE 10B illustrates a 1 x 2 embodiment of the 
optical switch using planar waveguides and optical 
fibers to operate in a switched mode; 
FIGURE 11 A illustrates a 2 x 2 embodiment of the 
optical switch using planar waveguides and optical 
fibers to operate in an unswitched mode; and 
FIGURE 11 B illustrates a 2 x 2 embodiment of the 
optical switch using planar waveguides and optical 
fibers to operate in a switched mode. 

DETAILED DESCRIPTION OF THE INVENTION 

[0015] FIGURES 1A and 1B illustrate one embodi- 
ment of a frustrated total internal reflection (FTIR) opti- 
cal switch 10 that includes an input waveguide 12, an 
output waveguide 14, an output waveguide 16, and a 
refractive material 1 8 disposed between waveguides 1 2 
and 16. tn general, optical switch 10 receives an optical 
signal 20 and selectively communicates signal 20 to out- 
put waveguide 14 and/or output waveguide 16 based 
upon the position of output waveguide 16. In this re- 
spect, FIGURES 1A and 1B illustrate a 1 x 2 optical 
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switch 10. 

[0016] Waveguides 12, 14 and 16 each comprise an 
optical waveguide formed by any arrangement of suita- 
ble optically transmissive material that communicates 
optical signal 20 as a guided wave of energy. In one em- 
bodiment of switch 10, waveguides 12, 14 and 16 each 
comprise optical fibers (referred to generally as input op- 
tical fiber 12, and output optical fibers 14 and 16) that 
include a core 22 designed to transmit or receive infor- 
mation in the form of light pulses, and a cladding 24 that 
surrounds core 22 to prevent signal 20 from escaping 
core 22 during transmission. In another embodiment of 
switch 10, waveguides 12-16 each comprise a planar 
waveguide formed in an appropriate refractive material. 
Optical signal 20 comprises visible light, infrared radia- 
tion, ultra-violet radiation, or any other suitable optical 
beam. 

[001 7] Each core 22 of optical fibers 12-16 comprises 
any suitable refractive material, such as glass, having a 
particular index of refraction . Each cladding 24 of optical 
fibers 12-16 comprises any suitable refractive material, 
such as glass, having an index of refraction lower than 
that of the corresponding core 22 such that signal 20 
propagates along the longitudinal axis of an optical fiber 
12-16. Optical fibers 12-16 may comprise a multi-mode 
fiber having a large core (e.g., 50 or 62.5 microns wide) 
or a single mode fiber having a small core (e.g., 9 mi- 
crons wide). Although the following description is de- 
tailed with reference to fibers 12-16 having a circular 
cross-section, it should be understood that the cross- 
section of optical fibers 12-16 may have any suitable 
shape, including, but not limited to, an oval or a circle 
having grooves or notches. 

[0018] Input optical fiber 12 comprises reflective sur- 
face 32 at a bias angle, such as 0 reflectlve surface , meas- 
ured with respect to a plane 34 that is normal to the lon- 
gitudinal axis of fiber 12. Reflective surface 32 forms an 
interface between optical fiber 1 2 and refractive material 
18. In one embodiment of switch 10, a portion of clad- 
ding 24 of fiber 12 is cleaved, etched, lapped, polished, 
or otherwise removed to form a notch 36 so that optical 
fiber 1 4 may be positioned in closer proximity to core 22 
of optical fiber 12. Output optical fiber 14 comprises a 
core 22 that may have an index of refraction substan- 
tially similar to that of core 22 of input optical fiber 12. 
In the embodiment of switch 10 where notch 36 is 
formed in fiber 12, fiber 14 includes a facet 38 at a bias 
angle substantially similar to the bias angle of reflective 
surface 32. 

[0019] Output optical fiber 16 comprises a contact 
surface 40 at a bias angle, such as 0^^ surface* meas- 
ured with respect to a plane 42 that is normal to the lon- 
gitudinal axis of fiber 16. The Index of refraction of core 
22 of fiber 16 is substantially similar to that of core 22 
of optical fiber 12. Fiber 16 has a first position spaced 
apart from fiber 12 and a second position in proximal 
contact with fiber 12 to frustrate the total internal reflec- 
tion of optical signal 20. The term "proximal contact" re- 



fers not only to direct contact between optical fibers 16 
and 12, but also contemplates any spacing or partial 
contact between fibers to frustrate the total internal re- 
flection of optical signal 20 to a desired degree. By con- 

5 trollably varying the spacing between fibers 12 and 16 
to a desired degree, optical switch 1 0 may perform a 
beam-splitting or variable attenuation operation such 
that a desired portion of signal 20 is communicated to 
fiber 14 and the remaining portion of the signal 20 is 

io communicatedtofiber16. In one embodiment, reflective 
surface 32 of fiber 12 is substantially parallel to contact 
surface 40 of fiber 1 6 when fiber 1 6 is placed in proximal 
contact with fiber 12 such that the longitudinal axis of 
fiber 1 2 is substantially aligned with the longitudinal axis 

15 of fiber 16. 

[0020] Optical switch 1 0 communicates optical signal 
20 to output optical fiber 1 4 when output optical fiber 1 6 
is spaced apart from input optical fiber 12, as described 
with reference to FIGURE 1 A. When output optical fiber 
20 1 6 is placed in proximal contact with input optical fiber 
12, optical switch 1 0 communicates optical signal 20 to 
output optical fiber 1 6, as described in greater detail with 
reference to FIGURE 1 B. 

[0021] Refractive material 18 comprises air or any 

25 other suitable substance that has an index of refraction 
lower than that of core 22 of optical fiber 12. Optical sig- 
nal 20 contacts reflective surface 32 of fiber 12 at an 
input angle, such as 0 (nput> measured with respect to a 
plane 44 that is normal to reflective surface 32. Accord- 

30 ingly, if the input angle of signal 20 is equal to or above 
a critical angle of refraction associated with the interface 
between core 22 of fiber 12 and refractive material 18, 
then reflective surface 32 totally internally reflects opti- 
cal signal 20 at an output angle, such as 0 outpull meas- 

35 ured with respect to plane 44. The output angle of signal 
20 is generally determined based upon the input angle 
of signal 20. Reflective surface 32 of fiber 12 therefore 
reflects optical signal 20 by total internal reflection (TIR). 
[0022] Actuator 26 generally comprises a piezoelec- 

40 trie device, a bimorph transducer, or any other suitable 
material that displaces output optical fiber 16 in re- 
sponse to an electrical, thermal, or otherwise appropri- 
ate control signal. Activating and deactivating actuator 
26 coupled to output optical fiber 1 6 brings fiber 1 6 into 

45 and out of proximal contact with fiber 1 2. 

[0023] In one embodiment, actuator 26 comprises a 
base 52 coupled to an aligning subassembly 50, and an 
arm 54 that couples output optical fiber 16 to base 52. 
Aligning subassembly 50 comprises any suitable mate- 

50 rial that holds and/or positions fibers 12-16 to support 
the switching operation. Fibers 12 and 14 may be bond- 
ed to aligning subassembly 50 to maintain a static po- 
sition. Fiber 16 may be placed in a groove formed in 
aligning subassembly 50 such that fiber 16 may be 

55 moved into and out of proximal contact with fiber 1 2. Ac- 
tuator 26 further comprises a piezoelectric material 56 
that places fiber 1 6 in a selected one of the first or sec- 
ond positions using arm 54 in response to a control sig- 



7 



EP1 186 932 A2 



8 



nal 58. Arm 54 is coupled to fiber 16 such that arm 54 
does not interfere with the propagation of signal 20. 
[0024] In operation of optical switch 1 0 with output op- 
tical fiber 1 6 spaced apart from input optical fiber 1 2, as 
illustrated in FIGURE 1 A, fiber 1 2 communicates optical 5 
signal 20 through core 22 as indicated by arrow 60. Total 
internal reflection at reflective surface 32, the interface 
between core 22 of fiber 12 and refractive material 18, 
directs signal 20 through cladding 24 of fiber 1 2 and into 
core 22 of output optical fiber 1 4, as indicated by arrow io 
62. By placing output optical fiber 1 4 closer to core 22 
of input optical fiber 12 using notch 36 of fiber 12 and 
facet 38 of fiber 14, switch 10 reduces the amount of 
cladding 24 through which optical signal 20 propagates 
from core 22 of fiber 12 to core 22 of fiber 14. In this 15 
respect, switch 10 reduces the divergence and, there- 
fore, the insertion loss of optical signal 20. Moreover, 
switch 10 reduces any "lensing" effects. 
[0025] Actuator 26 places second output optical fiber 
1 6 in the second position such that contact surface 40 20 
of fiber 16 is placed in proximal contact with reflective 
surface 32 of fiber 12. In operation of switch 1 0 with out- 
put optical fiber 1 6 placed in proximal contact with input 
optical fiber 12, as illustrated in FIGURE 1B, fiber 12 
communicates optical signal 20 through core 22 as in- 25 
dicated by arrow 60. Core 22 of fiber 1 6 having an index 
of refraction substantially similar to core 22 of fiber 12, 
frustrates the total internal reflection of optical signal 20 
at reflective surface 32. As a result, core 22 of fiber 16 
receives optical signal 20 from core 22 of fiber 12. Op- 30 
tical signal 20 propagates through fiber 1 6 in a direction 
indicated by arrow 64. Therefore, FIGURES 1 A and 1B 
together illustrate the operation of switch 1 0 with output 
optical fiber 16 spaced apart from input optical fiber 12 
and with output optical fiber 1 6 placed in proximal con- 35 
tact with input optical fiber 12, respectively. 
[0026] By using waveguides 12-16 to guide optical 
signal 20 to the switching region and to perform the 
switching operation, switch 10 eliminates the need for 
costly and sometimes complex optical components. *o 
This results in a smaller packing density for optical 
switch 1 0 and a more efficient, faster switching opera- 
tion. Furthermore, by using fewer components to per- 
form the switching operation than prior switches, optical 
switch 1 0 reduces the insertion loss of optical signal 20. 45 
[0027] FIGURES 2A and 2B illustrate another 1 x 2 
embodiment of optical switch 10 that includes input 
waveguide 12, output waveguide 14 coupled to 
waveguide 12, output waveguide 70, and a switching 
waveguide 72 coupled to actuator 26. In general, optical so 
switch 1 0 receives optical signal 20 and selectively com- 
municates signal 20 to output waveguide 1 4 and/or out- 
put waveguide 70 based upon the position of switching 
waveguide 72. 

[0028] Each of waveguides 70 and 72 comprises an ss 
optical waveguide formed by any arrangement of suita- 
ble optically transmissive material that communicates 
optical signal 20 as a guided wave of energy. In one em- 



bodiment of switch 10, waveguides 70 and 72 each 
comprise optical fibers, referred to generally as output 
optical fiber 70 and switching optical fiber 72, that in- 
clude a core 22 and a cladding 24. Core 22 of output 
optical fiber 70 and core 22 of switching optical fiber 72 
each comprises any suitable refractive material, such 
as glass, that may have index of refractions substantially 
similar to that of core 22 of fiber 1 2. In another embod- 
iment of switch 10, waveguides 70 and 72 each com- 
prise a planar waveguide formed in an appropriate re- 
fractive material. 

[0029] Switching optical fiber 72 comprises a contact 
surface 74 at a bias angle, such as 8^ surface , meas- 
ured with respect to a plane 76 that is normal to the lon- 
gitudinal axis of fiber 72. Switching optical fiber 72 has 
a first position spaced apart from fiber 1 2 and a second 
position in proximal contact with fiber 12 to frustrate the 
total internal reflection of optical signal 20. By controlla- 
bly varying the spacing between fibers 12 and 72 to a 
desired degree, optical switch 10 may perform a beam- 
splitting or variable attenuation operation such that a de- 
sired portion of signal 20 is communicated to fiber 14 
and the remaining portion of the signal 20 is communi- 
cated to fiber 70. In one embodiment, reflective surface 
32 of fiber 12 is substantially parallel to contact surface 
74 of fiber 72 when fiber 72 is placed in proximal contact 
with fiber 1 2 such that the longitudinal axis of fiber 12 is 
substantially aligned with the longitudinal axis of fiber 
72. 

[0030] Optical switch 1 0 communicates optical signal 
20 to output optical fiber 14 when switching optical fiber 
72 is spaced apart from input optical fiber 12, as de- 
scribed with reference to FIGURE 2A. When switching 
optical fiber 72 is placed in proximal contact with input 
optical fiber 12, optical switch 10 communicates optical 
signal 20 to output optical fiber 70, as described in great- 
er detail with reference to FIGURE 2B. 
[0031 ] In operation of optical switch 1 0 with switching 
optical fiber 72 spaced apart from input optical fiber 12, 
as illustrated in FIGURE 2A, fiber 12 communicates op- 
tical signal 20 through core 22 as indicated by arrow 60. 
Total internal refection at reflective surface 32 directs 
signal 20 through cladding 24 of fiber 12 and into core 
22 of output fiber 14, as indicated by arrow 62. 
[0032] Actuator 26 places switching optical fiber 72 in 
the second position such that contact surface 74 of fiber 
72 is placed in proximal contact with reflective surface 
32 of fiber 12. In operation of switch 10 with fiber 72 
placed in proximal contact with fiber 12, as illustrated in 
FIGURE 2B, fiber 12 communicates optical signal 20 
through core 22 as indicated by arrow 60. Core 22 of 
fiber 72 having an index of refraction substantially sim- 
ilar to core 22 of fiber 1 2, frustrates the total internal re- 
flection of optical signal 20 at reflective surface 32. As 
a result, core 22 of fiber 72 receives optical signal 20 
from core 22 of fiber 1 2. Optical signal 20 traverses gap 
78 from core 22 of switching optical fiber 72 to core 22 
of output optical fiber 70. Core 22 of output optical fiber 
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70 communicates optica! signal 20 for further process- 
ing. Therefore, FIGURES 2A and 2B together illustrate 
the operation of another embodiment of optical switch 
10 using switching optical fiber 72. 
[0033] FIGURES 3A and 3B illustrate another embod- 
iment of optical switch 1 0 that includes input waveguide 
1 2, output waveguide 1 4 coupled to waveguide 1 2, out- 
put waveguide 16, and a second input waveguide 80 
coupled to waveguide 16. In general, optical switch 10 
receives optical signal 20 and selectively communicates 
signal 20 to output waveguide 14 and/or output 
waveguide 16 based upon the position of output 
waveguide 16. Furthermore, optical switch 10 also re- 
ceives an optical signal 82 and selectively communi- 
cates signal 82 to output waveguide 14 and/or output 
waveguide 16 based upon the position of output 
waveguide 16. In this respect, FIGURES 3A and 3B il- 
lustrate a 2 x 2 optical switch 1 0. 
[0034] Waveguide 80 comprises an optical 
waveguide formed by any arrangement of suitable op- 
tically transmissive material that communicates optical 
signal 82 as a guided wave of energy. In one embodi- 
ment of switch 1 0, waveguide 80 comprises an optical 
fiber (referred to generally as input optical fiber 80) that 
includes a core 22 and a cladding 24. In another em- 
bodiment of switch 10, waveguide 80 comprises a pla- 
nar waveguide formed in an appropriate refractive ma- 
terial. Optical signal 82 comprises visible light, infrared 
radiation, ultra-violet radiation, or any other suitable op- 
tical beam. Optical switch 10 communicates signal 20 
to fiber 1 4 and communicates signal 82 to fiber 1 6 when 
fiber 1 6 is spaced apart from fiber 1 2, as described with 
reference to FIGURE 3A. When fiber 16 is placed in 
proximal contact with fiber 12, switch 10 communicates 
signal 20 to fiber 1 6 and communicates signal 82 to fiber 
14, as described in greater detail with reference to FIG- 
URE 3B. 

[0035] In operation of switch 1 0 with fiber 1 6 spaced 
apart from fiber 12, as illustrated in FIGURE 3A, total 
internal reflection at reflective surface 32 directs signal 
20 into core 22 of fiber 14 as described above with ref- 
erence to FIGURE 1 A. Fiber 80 communicates optica! 
signal-82 through core 22 as indicated by arrow 84. Total 
internal reflection at contact surface 40 of fiber 1 6 directs 
signal 82 into core 22 of fiber 16, as indicated by arrow 
86. 

[0036] In operation of switch 10 with fiber 1 6 placed 
in proximal contact with fiber 12, as illustrated in FIG- 
URE 3B, fiber 16 receives signal 20 as a result of frus- 
trated total internal reflection of signal 20 at reflective 
surface 32 as described above with reference to FIG- 
URE 1B. Fiber 80 communicates optical signal 82 
through core 22 as indicated by arrow 84. Core 22 of 
fiber 12 frustrates the total internal reflection of signal 
82 at contact surface 40 of fiber 1 6. As a result, core 22 
of fiber 1 4 receives optical signal 82 from core 22 of fiber 
80. Therefore, FIGURES 3A and 3B together illustrate 
the operation of a 2 x 2 optical switch 1 0. 



[0037] FIGURES 4A and 4B illustrate another embod- 
iment of optical switch 1 0 that includes input waveguide 
12, output waveguide 14 coupled to waveguide 12, out- 
put waveguide 70, switching waveguide 72, and second 

5 input waveguide 80 coupled to switching waveguide 72. 
In general, optical switch 10 receives optical signal 20 
and selectively communicates signal 20 to output 
waveguide 14 and/or output waveguide 70 based upon 
the position of switching waveguide 72. Furthermore, 

10 optical switch 1 0 also receives optical signal 82 and se- 
lectively communicates signal 82 to output waveguide 
14 and/or output waveguide 70 based upon the position 
of switching waveguide 72. 

[0038] As described above, waveguides 12, 14, 70, 
15 72, and B0 may comprise optical fibers. In operation of 
switch 10 with switching optical fiber 72 spaced apart 
from fiber 12, as illustrated in FIGURE 4A, fiber 12 com- 
municates optical signal 20 through core 22 as indicated 
by arrow 60. Total internal reflection at reflective surface 
20 32 directs signal 20 into core 22 of fiber 14 as described 
above with reference to FIGURE 2A. Fiber 80 commu- 
nicates optical signal 82 through core 22 as indicated 
by arrow 84. Total internal reflection at contact surface 
74 of switching optical fiber 72 directs signal 82 into core 
25 22 of fiber 72 for communication to core 22 of fiber 70, 
as indicated by arrow 86. 

[0039] In operation of switch 1 0 with switching optical 
fiber 72 placed in proximal contact with fiber 12, as il- 
lustrated in FIGURE 4B, fiber 12 communicates optical 

30 signal 20 through core 22 as indicated by arrow 60. 
Switching optical fiber 70 receives optical signal 20 as 
a result of frustrated total internal reflection of signal 20 
at reflective surface 32, as described above with refer- 
ence to FIGURE 2B. Signal 20 traverses gap 78 from 

35 core 22 of switching optical fiber 72 to core 22 of output 
optical fiber 70. Fiber 80 communicates optical signal 
82 through core 22 as indicated by arrow 84. Core 22 
of fiber 1 2 frustrates the total internal reflection of signal 
82 at contact surface 74 of switching optical fiber 72. As 

40 a result, core 22 of fiber 1 4 receives signal 82 from core 
22 of fiber 80. Therefore, FIGURES 4A and 4B together 
illustrate the operation of a 2 x 2 optical switch 1 0 using 
switching optical fiber 72. 

[0040] FIGURES 5A and 5B illustrate a 1 x 2 embod- 
45 iment of optical switch 1 0 that minimizes a crosstalk sig- 
nal. Optical switch 10 includes input waveguide 12, out- 
put waveguide 14, output waveguide 16, a switching 
waveguide 90, and a return- loop waveguide 92 coupled 
to waveguides 12 and 14. In general, optical switch 10 
50 receives an optical signal 20 and selectively communi- 
cates signal 20 to output waveguide 14 and/or output 
waveguide 16 based upon the position of output 
waveguide 1 6. 

[0041] Each of waveguides 90 and 92 comprises an 
55 optical waveguide formed by any arrangement of suita- 
ble optically transmissive material that communicates 
optical signal 20 as a guided wave of energy. In one em- 
bodiment of switch 1 0, switching waveguide 90 compris- 
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es an optical fiber that includes a core 22 and a cladding 
24, and is generally referred to as switching optical fiber 
90. In one embodiment, return-loop waveguide 92 com- 
prises an optical fiber that Includes a core 22 and a clad- 
ding 24 formed using a return-loop 94. In another em- 5 
bodiment, waveguide 92 comprises any number and 
configuration of optical fibers coupled together using a 
fusion splice, adhesives, or any other suitable coupling 
technology. In either embodiment, waveguide 92 is gen- 
erally referred to as return-loop optical fiber 92. In yet 10 
another embodiment, each of waveguide 90 and return- 
loop waveguide 92 comprise a planar waveguide 
formed in an appropriate refractive material. 
[0042] Output optical fiber 14 comprises a reflective 
surface 100 at a bias angle, such as e reflecUve surW is 
measured with respect to a plane 102 that is normal to 
the longitudinal axis of fiber 1 4. Optical fiber 90 compris- 
es a contact surface 104 also at a bias angle, such as 
Q contact surface* measured with respect to a plane 106 
that is normal to the longitudinal axis of fiber 90. The 20 
index of refraction of core 22 of fiber 90 is substantially 
similar to that of core 22 of fiber 14. 
[0043] Fiber 1 6 has a first position spaced apart from 
fiber 12 and a second position in proximal contact with 
fiber 1 2 to frustrate the total internal reflection of optical 25 
signal 20. Fiber 90 also has a first position spaced apart 
from fiber 14 and a second position in proximal contact 
with fiber 14 to frustrate the total internal reflection of 
any crosstalk signals associated with signal 20, as de- 
scribed in greater detail with reference to FIGURE SB. 30 
In one embodiment, fibers 1 6 and 90 are simultaneously 
placed in a selected one of the first positions and the 
second positions using a common actuator (not explic- 
itly shown). 

[0044] In operation of optical switch 1 0 with fibers 1 6 35 
and 90 spaced apart from fibers 1 2 and 1 4, respectively, 
as illustrated in FIGURE 5A, fiber 12 communicates op- 
tical signal 20 through core 22 as indicated by arrow 60. 
Total internal reflection at reflective surface 32 directs 
signal 20 through cladding 24 of fiber 12 and into core 40 
22 of return-loop optical fiber 92, as indicated by arrow 
62. Return-loop optical fiber 92 propagates optical sig- 
nal 20 around return-loop 94 and in a direction indicated 
by arrow 96. Total internal reflection at reflective surface 
1 00 of fiber 1 4 directs signal 20 into core 22 of fiber 1 4, 45 
as indicated by arrow 98. 

[0045] In operation of switch 1 0 with fibers 1 6 and 90 
placed in proximal contact with fibers 1 2 and 1 4, respec- 
tively, as illustrated in FIGURE 5B, fiber 12 communi- 
cates optical signal 20 through core 22 as indicated by so 
arrow 60. Core 22 of fiber 16 having an index of refrac- 
tion substantially similar to core 22 of fiber 1 2, frustrates 
the total internal reflection of signal 20 at reflective sur- 
face 32. As a result, core 22 of fiber 1 6 receives almost 
all of signal 20 from core 22 of fiber 1 2. Ideally, contact 55 
surface 40 of fiber 1 6 frustrates the total internal reflec- 
tion of the entire signal 20 at reflective surface 32 such 
that signal 20 is communicated into core 22 of fiber 1 6, 
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as illustrated using a solid line for signal 20. Reflection 
of a small, residual portion of signal 20 at the interface 
between surfaces 32 and 40 may result in a crosstalk 
signal 102, as illustrated using a dashed line. A partic- 
ular advantage provided by switch 10 illustrated in FIG- 
URES 5A and 5B is that switch 10 minimizes the- 
amount of crosstalk signal 1 02 that is received by fiber 
14, or any other optical component of switch 10. 
[0046] Referring to FIGURE 5B, return-loop optical 
fiber 92 propagates crosstalk signal 1 02 as indicated by 
arrows 62 and 96. Core 22 of fiber 90 having an index 
of refraction substantially similar to core 22 of fiber 14, 
frustrates the total internal reflection of crosstalk signal 
1 02 at reflective surface 1 00. Only a negligible residual 
portion of crosstalk signal 102 is directed by reflection 
into fiber 1 4. Almost all of crosstalk signal 1 02 is directed 
away from any of the optical components of switch 10. 
Therefore, switch 1 0 reduces the effects of crosstalk sig- 
nal 102 and results in what is generally referred to as a 
crosstalk improvement. 

[0047] Another technical advantage of the present in- 
vention relates to the crosstalk improvement described 
above. Generally, crosstalk signal 1 02 described above 
is generated as a result of imperfections in the compo- 
nents of optical switch 1 0, such as imperfections in sur- 
faces 32 and 40 of fibers 12 and 16, respectively. The 
crosstalk signal 1 02 may also be the result of less than 
ideal actuation of fiber 1 6 which results in a slight air gap 
at the interface between surfaces 32 and 40. For exam- 
ple, if surfaces 32 and/or 40 are not manufactured with 
precise design tolerances, or If fiber 1 6 is not actuated 
ideally, contact surface 40 of fiber 16 does not frustrate 
the total internal reflection of the entire signal 20 when 
placed in proximal contact with reflective surface 32 of 
fiber 12. Crosstalk signal 102 may be generated as a 
result of these manufacturing defects and/or as a result 
of the less than ideal actuation of fiber 1 6. 
[0048] By reducing the magnitude of crosstalk signal 
1 02 to acceptable levels during the operation of optical 
switch 10 using return-loop optical fiber 92, manufactur- 
ing tolerances for the components used in switch 10 
may be increased and the performance of switch 1 0 may 
still meet industry standards for low levels of crosstalk. 
The components of switch 10 can also use return-loop 
optical fiber 92 to overcome environmental contamina- 
tion that leads to crosstalk signal 1 02 during the opera- 
tion of switch 10. In addition to supporting increased 
manufacturing tolerances for the optical components of 
switch 1 0, the use of return-loop optical fiber 92 allows 
the actuation performance of switch 10 to be relaxed. 
For example, the degree of proximal contact to which 
fiber 16 is brought with respect to fiber 12 may be re- 
laxed and still provide acceptable crosstalk perform- 
ance during the operation of switch 10. 
[0049] FIGURES 6A and 6B illustrate a 2 x 2 embod- 
iment of optical switch 1 0 that minimizes crosstalk sig- 
nals. Optical switch 10 comprises return-loop 
waveguide 92 that couples input waveguide 1 2 to output 
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waveguide 14, and a return-loop waveguide 112 that 
couples output waveguide 16 to an input waveguide 
1 20. In general, optical switch 1 0 receives an optical sig- 
nal 20 and selectively communicates signal 20 to output 
waveguide 14 and/or output waveguide 16 based upon 
the position of output waveguide 16. Optical switch 10 
also receives an optical signal 122 and selectively com- 
municates signal 122 to output waveguide 14 and/or 
output waveguide 16 based upon the position of input 
waveguide 120. In this respect, FIGURES 6A and 6B 
illustrate a 2 x 2 optical switch 1 0 that minimizes cross- 
talk signals. 

[0050] Each of return-loop waveguide 112 and input 
waveguide 120 comprises an optical waveguide formed 
by any arrangement of suitable optically transmissive 
material that communicates optical signal 122 as a guid- 
ed wave of energy. In one embodiment of switch 10, 
waveguide 112 comprises an optical fiber that includes 
a core 22 and a cladding 24 formed using a return-loop 
114. In another embodiment, waveguide 112 comprises 
any number and configuration of optical fibers coupled 
together using a fusion splice, adhesives, or any other 
suitable coupling technology. In either embodiment, 
waveguide 112 is generally referred to as return-loop 
optical fiber 112. In yet another embodiment of switch 
10, each of return-loop waveguide 112 and input 
waveguide 120 comprises a planar waveguide formed 
in an appropriate refractive material. Optical signal 122 
comprises visible light, infrared radiation, ultra-violet ra- 
diation, or any other suitable optical beam. 
[0051] In one embodiment of optical switch 10, input 
waveguide 120 comprises an optical fiber that includes 
a core 22 and a cladding 24, and is generally referred 
to as input optical fiber 120. Input optical fiber 120 com- 
prises a contact surface 124 at a bias angle, such as 
e contact surface, measured with respect to a plane 126 
that is normal to the longitudinal axis of fiber 120. The 
index of refraction of core 22 of fiber 1 20 is substantially 
similar to that of core 22 of fiber 1 4. In one embodiment, 
reflective surface 100 of fiber* 14 is substantially parallel 
to contact surface 124 of fiber 120 when fiber 120 is 
placed in proximal contact with fiber 1 4 such that the 
longitudinal axis of fiber 14 is substantially aligned with 
the longitudinal axis of fiber 120. 
[0052] In operation of optical switch 10 with fibers 16 
and 1 20 spaced apart from fibers 1 2 and 1 4, respective- 
ly, as illustrated in FIGURE 6A, fiber 12 communicates 
optical signal 20 through core 22 as indicated by arrow 
60. Total internal reflection at reflective surface 32 of fib- 
er 1 2 directs signal 20 into core 22 of return-loop optical 
fiber 92, and total internal reflection at reflective surface 
100 of fiber 14 directs signal 20 into core 22 of fiber 14 
as described above with reference FIGURE 6A. Fiber 
120 communicates optical signal 122 through core 22 
as indicated by arrow 130. Total internal reflection at 
contact surface 1 24 directs signal 122 through cladding 
24 of fiber 120 and into core 22 of return-loop optical 
fiber 1 1 2, as indicated by arrow 1 32. Return-loop optical 



fiber 112 propagates optical signal 122 around return- 
loop 114 and in a direction indicated by arrow 134. Total 
internal reflection at contact su rf ace 40 of fiber 1 6 di rects 
signal 122 into core 22 of fiber 16, as indicated by arrow 
5 64. 

[0053] In operation of switch 1 0 with fibers 1 6 and 1 20 
placed in proximal contact with fibers 12 and 14, respec- 
tively, as illustrated in FIGURE 6B, fiber 12 communi- 
cates optical signal 20 through core 22 as indicated by 
io arrow 60. Output optical fiber 1 6 receives optical signal 
20 as a result of frustrated total internal reflection of sig- 
nal 20 at reflective surface 32. Fiber 1 20 communicates 
optical signal 1 22 through core 22 as indicated by arrow 
1 30. Core 22 of output optical fiber 1 4 frustrates the total 
15 internal reflection of signal 122 at contact surface 124 
of fiber 120. As a result, core 22 of fiber 14 receives 
signal 122 from core 22 of fiber 120. 
[0054] As described above with reference to crosstalk 
signal 102 in FIGURE 5B, reflective surface 100 of fiber 
20 1 4 ideally frustrates-the total internal reflection of the en- 
tire signal 122 at contact surface 124 such that signal 
122 is communicated into core 22 of fiber 14, as illus- 
trated using a solid line for signal 122. Reflection of a 
small, residual portion of signal 122 at the interface be- 
25 tween surfaces 1 00 and 1 24 results in a crosstalk signal 
142. A particular advantage provided by switch 1 0 illus- 
trated in FIGURES 6A and 6B is that switch 10 further 
processes crosstalk signal 1 42 so that a large portion of 
crosstalk signal 1 42 is not received by output optical fib- 
so er 1 6, or any other optical component of switch 1 0. 
[0055] Referring to FIGURE 6B, return-loop optical 
fiber 112 propagates crosstalk signal 142 as indicated 
by arrows 132 and 134. Core 22 of fiber 12 having an 
index of refraction substantially similar to core 22 of fiber 
35 16, frustrates the total internal reflection of crosstalk sig- 
nal 142 at contact surface 40. Only a negligible residual 
portion of crosstalk signal 142 is directed by reflection 
into fiber 1 6. Almost all of crosstalk signal 1 42 is directed 
away from any of the optical components of switch 10. 
40 in one embodiment, crosstalk signal 1 42 is directed into 
return-loop optical fiber 92 and propagates around re- 
turn-loop optical fibers 92 and 1 1 2 until crosstalk signals 
1 02 and 1 42 dissipate. Therefore, switch 1 0 reduces the 
effects of crosstalk signals 102 and 142. The crosstalk 
45 improvement associated with signals 102 and 142 re- 
sults in the manufacturing and performance advantages 
described above with reference to FIGURES 5Aand5B. 
[0056] FIGURE 7 illustrates an arrangement of 
waveguides 12-16 of optical switch 10. Waveguides 
so 12-16 may be bonded, glued, or otherwise adhered to 
aligning subassemblies 150a-c, respectively, generally 
referred to as aligning subassembly 150. Aligning sub- 
assembly 150 comprises any suitable material that 
holds and/or positions waveguides 1 2-1 6 to support the 
55 switching operation of switch 10. Aligning subassem- 
blies 150 may be polished, cleaved, or otherwise con- 
figured to achieve angular endfaces 152a and 152c. 
Endfaces 152a and 152c are at a bias angle substan- 
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tialty similar to the bias angles of reflective surface 32 
and contact surface 40 of waveguides 12 and 16, re- 
spectively. Aligning subassemblies 150 may also be 
configured to achieve notches 1 54a and 1 54c so that 
waveguide 14 may be positioned in closer proximity to 
waveguide 12. Although FIGURE 7 is illustrated with 
aligning subassemblies 150a-c for waveguides 12-16, 
it should be understood that switch 10 may also use 
aligning subassemblies 50 for the arrangement of 
waveguides illustrated in FIGURES 2-6. 
[0057] FIGURES 8A-8B illustrate one embodiment of 
switch 10 in which waveguides 12-16 comprise planar 
waveguides formed in appropriate refractive materials 
160 and 162. In general, optical switch 10 receives an 
optical signal 20 and selectively communicates signal 
20 to output waveguide 1 4 and/or output waveguide 1 6 
based upon the position of waveguide 16. In this re- 
spect, FIGURES 8A and 8B illustrate a 1 X 2 optical 
switch 10. 

[0058] Each of refractive materials 1 60 and 1 62 com- 
prise any suitable material having a particular index of 
refraction at a particular wavelength of optical signal 20. 
In one embodiment, materials 1 60 and 1 62 comprise sil- 
icon dioxide. Waveguides 12-16 each comprise an op- 
tical waveguide formed by any arrangement of suitable 
optically transmissive material. The materials used to 
form waveguides 12-16 in refractive materials 160 and 
162 may be selected to provide particular indices of re- 
fraction that are higher than that of materials 160 and 
162 such that waveguides 12-16 communicate signal 
20 as a guided wave of energy. In this respect, each of 
waveguides 12-1 6 is operable to guide the flow of radi- 
ant energy along a path parallel to its axis and to contain 
the energy of signal 20 within or adjacent to its surface. 
[0059] Refractive material 18 comprises air or any 
other suitable substance that has an index of refraction 
lower than that of waveguides 12-16. Accordingly, if op- 
tical signal 20 propagates through waveguide 12 and 
impinges upon second surface 1 66 at an angle equal to 
or above a critical angle of refraction associated with the 
interface between the waveguide 12 and material 18, 
then second surface 166 of waveguide 12 totally inter- 
nally reflects optical signal 20. Second surface 1 66 of 
waveguide 1 2 therefore reflects optical signal 20 by total 
internal reflection (TIR), and may generally be referred 
to as a reflective surface 166. 

[0060] In operation of optical switch 10 with output 
waveguide 1 6 in a first position spaced apart from input 
waveguide 12, as illustrated in FIGURE 8 A, waveguide 
1 2 communicates optical signal 20 from first surface 1 64 
to reflective surface 1 66. Total internal reflection at the 
interface between material 1 8 and reflective surface 1 66 
of input waveguide 12 directs optical signal 20 to output 
waveguide 14. 

[0061] In operation of switch 10 with output 
waveguide 16 in a second position placed in proximal 
contact with input waveguide 12, as illustrated in FIG- 
URE 8B, input waveguide 12 communicates optical sig- 
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nal 20 from first surface 164 to reflective surface 166. 
Output waveguide 1 6, having an index of refraction sub- 
stantially similar to that of input waveguide 1 2, frustrates 
the total internal reflection of optical signal 20 at reflec- 

s tive surface 1 66. As a result, output waveguide 1 6 re- 
ceives optical signal 20. Therefore, FIGURES 8A and 
8B together illustrate the operation of switch 1 0 with out- 
put waveguide 1 6 spaced apart from input waveguide 
12 and with output waveguide 16 placed in proximal 

10 contact with input waveguide 12, respectively. 

[0062] FIGURES 9A and 9B illustrate another embod- 
iment of optical switch 1 0 that includes input waveguide 
12 and output waveguide 14 formed in refractive mate- 
rial 160, and output waveguide 16 and a second input 

15 waveguide 80 formed in refractive material 1 62. In gen- 
eral, optical switch 1 0 receives optical signal 20 and se- 
lectively communicates signal 20 to output waveguide 
1 4 and/or output waveguide 1 6 based upon the position 
of output waveguide 16. Furthermore, optical switch 10 

20 also receives an optical signal 82 and selectively com- 
municates signal 82 to output waveguide 14 and/or out- 
put waveguide 16 based upon the position of output 
waveguide 14. In this respect, FIGURES 9A and 9B il- 
lustrate a 2 X 2 optical switch 1 0. 

25 [0063] Waveguide 80 comprises an optical 
waveguide formed by any arrangement of suitable op- 
tically transmissive material having a particular index of 
refraction higher than that of material 162 such that 
waveguide 80 communicates signal 82 as a guided 

30 wave of energy. In this respect, waveguide 80 is opera- 
ble to guide the flow of radiant energy along a path par- 
allel to its axis and to contain the energy of signal 20 
within or adjacent to its surface. 
[0064] Refractive material 18 comprises air or any 

35 other suitable substance that has an index of refraction 
lower than that of waveguide 80. Accordingly, if optical 
signal 82 propagates through waveguide 80 and imping- 
es upon second surface 170 at an angle equal to or 
above a critical angle of refraction associated with the 

40 interface between waveguide 80 and material 18, then 
second surface 170 of waveguide 80 totally internally 
reflects optical signal 82. Second surface 170 of 
waveguide 80 therefore reflects optical signal 82 by total 
internal reflection (TIR). It should be understood that 

45 second surface 170 of waveguide 80 also comprises a 
contact surface of waveguide 16. Therefore, second 
surface 1 70 may also be referred to as contact surface 
170. 

[0065] In operation of switch 10 with waveguide 16 
so spaced apart from waveguide 12 and waveguide 14 
spaced apart from waveguide 80, as illustrated in FIG- 
URE 9A, total internal reflection at reflective surface 1 66 
directs signal 20 into waveguide 14 as described above 
with reference to FIGURE 8A. Waveguide 80 communi- 
55 cates optical signal 82 from first surface 1 68 to contact 
surface 170. Total internal reflection at contact surface 
170 directs signal 82 into waveguide 16. 
[0066] In operation of switch 10 with waveguide 16 
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placed in proximate contact with waveguide 12 and 
waveguide 14 placed in proximal contact with 
waveguide 80, as illustrated in FIGURE 9B, waveguide 
1 6 receives signal 20 as a result of frustrated total inter- 
nal reflection of signal 20 at reflective surface 166 of 
waveguide 12, as described above with reference to 
FIGURE 8B. Waveguide 80 communicates optical sig- 
nal 82 from surface 168 to contact surface 170. 
Waveguide 14 having an index of refraction substantial- 
ly similar to that of waveguide 80 frustrates the total in- 
ternal reflection of signal 82 at contact surface 1 70. As 
a result, waveguide 14 receives optical signal 82 from 
waveguide 80. Therefore, FIGURES 9A and 9B togeth- 
er illustrate the operation of a 2 X 2 optical switch 10. 
[0067] FIGURES 10A-1 0B illustrate one embodiment 
of switch 10 in which waveguides 12 and 14 comprise 
planar waveguides formed in an appropriate refractive 
material 160, and waveguide 16 comprises an optical 
fiber 16 having a core 22 and a cladding 24. In general, 
optical switch 1 0 receives an optical signal 20 and se- 
lectively communicates signal 20 to output waveguide 
1 4 and/or output optical fiber 1 6 based upon the position 
of fiber 16. In this respect, FIGURES 1 0A and 1 0B illus- 
trate a hybrid 1 X 2 optical switch 1 0. 
[0068] I n operation of optical switch 1 0 with output op- 
tical fiber 1 6 in a first position spaced apart from input 
waveguide 12, as Illustrated in FIGURE 1 0A, waveguide 
1 2 communicates optical signal 20 from first surface 1 64 
to reflective surface 166. Total internal reflection at the 
interface between material 1 8 and reflective surface 1 66 
of input waveguide 1 2 directs optical signal 20 to output 
waveguide 14. 

[0069] In operation of switch 1 0 with output optical fib- 
er 16 in a second position placed in proximal contact 
with input waveguide 12, as illustrated in FIGURE 10B, 
input waveguide 12 communicates optical signal 20 
from first surface 1 64 to reflective surface 1 66. Output 
optical fiber 1 6, having a core 22 with an index of refrac- 
tion substantially similar to that of input waveguide 12, 
frustrates the total internal reflection of optical signal 20 
at reflective surface 1 66. As a result, output optical fiber 
1 6 receives optical signal 20. Therefore, FIGURES 1 0A 
and 10B together illustrate the operation of a hybrid 1 X 
2 optical switch 10. 

[0070] FIGURES 11 A and 11 B illustrate another em- 
bodiment of optical switch 10 that includes input 
waveguide 12 and output waveguide 14 formed in re- 
fractive material 160, and output optical fiber 16 and a 
second input optical fiber 80. In general, optical switch 
10 receives optical signal 20 and selectively communi- 
cates signal 20 to output waveguide 14 and/or output 
optical fiber 1 6 based upon the position of output optical 
fiber 16. Furthermore, optical switch 1 0 also receives an 
optical signal 82 and selectively communicates signal 
82 to output waveguide 1 4 and/or output optical fiber 1 6 
based upon the position of output waveguide 14. In this 
respect, FIGURES 11 A and 11 B illustrate a hybrid 2 X 
2 optical switch 10. 
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[0071 ] In operation of switch 1 0 with output optical fib- 
er 16 spaced apart from waveguide 12 and waveguide 
1 4 spaced apart from input optical fiber 80, as illustrated 
in FIGURE 1 1 A, total internal reflection at reflective sur- 

5 face 166 directs signal 20 into waveguide 14 as de- 
scribed above with reference to FIGURE 1 0A. Input op- 
tical fiber 80 communicates optical signal 82 through 
core 22 to contact surface 40 of fiber 1 6. Total internal 
reflection at contact surface 40 directs signal 82 into 

10 core 22 of fiber 16. 

[0072] In operation of switch 10 with fiber 16 placed 
In proximate contact with waveguide 12 and waveguide 
14 placed in proximal contact with fiber 80, as illustrated 
in FIGURE 11B, fiber 16 receives signal 20 as a result 

*5 of frustrated total internal reflection of signal 20 at re- 
flective surface 166 of waveguide 12, as described 
above with reference to FIGURE 1 0B. Fiber 80 commu- 
nicates optical signal 82 through core 22 to contact sur- 
face 40. Waveguide 14 frustrates the total internal re- 

20 flection of signal 82 at contact surface 40. As a result, 
waveguide 14 receives optical signal 82 from fiber 80. 
Therefore, FIGURES 11 A and 11 B together illustrate the 
operation of a hybrid 2X2 optical switch 10. 
[0073] Although the present invention has been de- 

25 scribed with several embodiments, a myriad of changes, 
variations, alterations, transformations, and modifica- 
tions may be suggested to one skilled in the art, and it 
is intended that the present invention encompasses 
such changes, variations, alterations, transformations, 

30 and modifications as fall within the spirit and scope of 
the appended claims. 

Claims 

35 

1. An optical switch for processing an optical signal, 
comprising: 

an input waveguide having a reflective surface; 
40 a first output waveguide coupled to the input 

waveguide; and 

a second output waveguide having a first posi- 
tion spaced apart from the reflective surface of 
the input waveguide such that the reflective sur- 

45 face totally internally reflects an optical signal 

toward the first output waveguide, and the sec- 
ond output waveguide having a second position 
in proximal contact with the reflective surface 
to frustrate the total internal reflection of the op- 

50 tical signal such that the second output 

waveguide receives the optical signal. 

2. The optical switch of Claim 1 , wherein the optical 
signal contacts the reflective surface at an input an- 

55 gte and the first output waveguide is operable to re- 
ceive the optical signal at an output angle based up- 
on the input angle. 
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3. The optical switch of Claim 1 , wherein the input 
waveguide comprises a longitudinal axis and the re- 
flective surface is at an angle to a plane that is nor- 
mal to the longitudinal axis. 

5 

4. The optical switch of Claim 3, wherein the second 
output waveguide comprises a longitudinal axis and 
a contact surface that is substantially parallel to the 
reflective surface of the input waveguide, when the 
longitudinal axis of the second output waveguide is 10 
substantially aligned with the longitudinal axis of the 
input waveguide, the contact surface operable to 
contact proximal (y the reflective surface when the 
second output waveguide is placed in the second 
position. is 

5. The optical switch of Claim 1 , further comprising an 
actuator coupled to the second output waveguide 
and operable to position the second output 
waveguide in a selected one of the first position and 20 
the second position in response to a control signal. 

6. The optical switch of Claim 1 , wherein the first out- 
put waveguide and the second output waveguide 
are arranged in two dimensions. 25 

7. The optical switch of Claim 1 , wherein: 

the input waveguide comprises an input optical 
fiber; 30 

the first output waveguide comprises a first out- 
put optical fiber; and 

the second output waveguide comprises a sec- 
ond output optical fiber. 

35 

8. The optical switch of Claim 7, wherein: 

the input optical fiber comprises a first core hav- 
ing a first index of refraction and a cladding hav- 
ing a second index of refraction lower than the *o 
first index of refraction, the first core operable 
to communicate the optical signal such that it 
contacts the reflective surface at an input an- 
gle; and 

the first output optical fiber comprises a second *5 
core operable to receive the optical signal at an 
output angle determined based upon the input 
angle and having a third index of refraction sub- 
stantially similar to the first index of refraction. 



9. The optical switch of Claim 8, wherein a portion of 
the cladding of the first optical fiber is removed such 
that the second core is positioned proximal to first 
core. 

10. The optical switch of Claim 1, wherein the input 
waveguide comprises a first input waveguide and 
further comprising a second input waveguide cou- 
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pled to the second output waveguide such that a 
contact surface of the second output waveguide to- 
tally internally reflects a second optical signal com- 
municated by the second input waveguide when the 
second output waveguide is placed in the first posi- 
tion and such that the first output waveguide re- 
ceives the-second optical signal when the second 
output waveguide is placed in the second position. 

11. The optical switch of Claim 1 , wherein: 

the input waveguide comprises a planar 
waveguide formed in a first refractive material; 
the first output waveguide comprises a planar 
waveguide formed in the first refractive materi- 
al; and 

the second output waveguide comprises a pla- 
nar waveguide formed in a second refractive 
material. 

12. The optical switch of Claim 11 , wherein: 

the first refractive material has a first index of 
refraction; 

the input waveguide has a second index of re- 
fraction that is higher than the first index of re- 
fraction; and 

the second output waveguide has a third index 
of refraction substantially similar to the second 
index of refraction. 

13. The optical switch of Claim 10, wherein: 

the first input waveguide comprises a planar 
waveguide formed in a first refractive material, 
the first output waveguide comprises a planar 
waveguide formed in the first refractive materi- 
al; 

the second input waveguide comprises a pla- 
nar waveguide formed in a second refractive 
material; and 

the second output waveguide comprises a pla- 
nar waveguide formed in the second refractive 
material. 

14. The optical switch of Claim 13, wherein: 

the second refractive material has a first index 
of refraction; 

the second input waveguide has a second in- 
dex of refraction that is higher than the first in- 
dex of refraction; and 

the first output waveguide has a third index of 
refraction substantially similar to the second in- 
dex of refraction. 

15. The optical switch of Claim 10, wherein: 
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the first input waveguide comprises a first input 
optical fiber; 

the first output waveguide comprises a first out- 
put optical fiber; 

the second input waveguide comprises a sec- s 
ond input optical fiber; and 
the second output waveguide comprises a sec- 
ond output optical fiber. 

16. The optical switch of Claim 1 , wherein: 10 

the input waveguide comprises a planar 
waveguide formed in a refractive material; 
the first output waveguide comprises a planar 
waveguide formed in the refractive material; is 
and 

the second output waveguide comprises an 
output optical fiber. 

17. The optical switch of Claim 10, wherein: 20 

the first input waveguide comprises a planar 
waveguide formed in a refractive material; 
the first output waveguide comprises a planar 
waveguide formed in the refractive material; 25 
the second input waveguide comprises an input 
optical fiber; and 

the second output waveguide comprises an 
output optical fiber. 

30 

18. A method for processing an optical signal, compris- 
ing: 

communicating an optical signal in a first 
waveguide; 35 
totally internally reflecting the optical signal at 
a reflective surface of the first waveguide to- 
ward a second waveguide; 
placing a third waveguide in proximal contact 
with the first waveguide to frustrate the total in- *o 
temal reflection of the optical signal; and 
receiving the optical signal in the third 
waveguide. 

19. The method of Claim 18, further comprising control- 45 
lably varying the spacing between the third 
waveguide and the first waveguide to generate a 
first optical beam and a second optical beam. 

20. The method of Claim 18, wherein the step of placing so 
the third waveguide further comprises actuating an 
actuator coupled to the third waveguide in response 

to a control signal. 

21. The method of Claim 18, wherein the step of com- ss 
municating the optical signal in the first waveguide 
comprises communicating the optical signal such 
that the optical signal contacts the reflective surface 
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at an input angle, and further comprising the step 
of receiving the optical signal in the second 
waveguide at an output angle determined based 
upon the input angle. 

22. The method of Claim 18, wherein the first 
waveguide comprises a longitudinal axis and the re- 
flective surface is at an angle to a plane that is nor- 
mal to the longitudinal axis. 

23. The method of Claim 22, wherein: 

the third waveguide comprises a longitudinal 
axis and a contact surface that is substantially 
parallel to the reflective surface of the first 
waveguide when the longitudinal axis of the 
third waveguide is substantially aligned with the 
longitudinal axis of the first waveguide; and 
the step of placing the third waveguide in prox- 
imal contact with the first waveguide comprises 
placing the contact surface of the third 
waveguide in proximal contact with the reflec- 
tive surface of the first waveguide. 

24. The method of Claim 18, wherein the second 
waveguide and the third waveguide are arranged in 
two dimensions. 

25. The method of Claim 18, wherein: 

the first waveguide comprises an input optical 
fiber; 

the second waveguide comprises a first output 
optical fiber; and 

the third waveguide comprises a second output 
optical fiber. 

26. The method of Claim 18, wherein: 

the first waveguide comprises an input planar 
waveguide formed in a first refractive material; 
the second waveguide comprises a first output 
planar waveguide formed in the first refractive 
material; and 

the third waveguide comprises a second output 
planar waveguide formed in a second refractive 
material. 

27. The method of Claim 26, wherein: 

the first refractive material has a first index of 
refraction; 

the input planar waveguide has a second index 
of refraction; and 

the second output planar waveguide has a third 
index of refraction substantially similar to the 
second index of refraction. 
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28. The method of Claim 18, wherein: 

the first waveguide comprises an input planar 
waveguide formed in a refractive material; 
the second waveguide comprises an output 
planar waveguide formed in the refractive ma- 
terial; and 

the third waveguide comprises an output opti- 
cal fiber. 

29. An optical switch for processing an optical signal, 
comprising: 

an input waveguide having a reflective surface; 
a first output waveguide coupled to the input 
waveguide; 

a second output waveguide; and 
a switching waveguide having a first position 
spaced apart from the reflective surface of the 
input waveguide such that the reflective surface 
totally internally reflects an optical signal to- 
ward the first output waveguide, and the switch- 
ing waveguide having a second position in 
proximal contact with the reflective surface to 
frustrate, the total internal reflection of the op- 
tical signal such that the switching waveguide 
communicates the optical signal toward the 
second output waveguide. 

30. The optical switch of Claim 29, wherein the optical 
signal contacts the reflective surface at an input an- 
gle and the first output waveguide receives the op- 
tical signal at an output angle determined based up- 
on the input angle. 

31. The optical switch of Claim 29, wherein the input 
waveguide comprises a longitudinal axis and the re- 
flective surface is at an angle to a plane that is nor- 
mal to the longitudinal axis. 
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32. The optical switch of Claim 31 , wherein the switch- 
ing waveguide comprises a longitudinal axis and a 
contact surface that is substantially parallel to the 
reflective surface of the input waveguide when the 
longitudinal axis of the switching waveguide is sub- 
stantially aligned with the longitudinal axis of the in- 
put waveguide, the contact surface operable to con- 
tact proximally the reflective surface when the 
switching waveguide is placed in the second posi- 
tion, so 

33. The optical switch of Claim 29, further comprising 
an actuator coupled to the switching waveguide and 
operable to position the switching waveguide in a 
selected one of the first position and the second po- 55 
sition in response to a control signal. 

34. The optical switch of Claim 29, wherein the first out- 



put waveguide and the second output waveguide 
are arranged in two dimensions. 

35. The optical switch of Claim 29, wherein: 

the input waveguide comprises an input optical 
fiber; 

the first output waveguide comprises a first out- 
put optical fiber; and 

the second output waveguide comprises a sec- 
ond output optical fiber. 

36. The optical switch of Claim 35, wherein: 

the input optical fiber comprises a first core hav- 
ing a first index of refraction and a cladding hav- 
ing a second index of refraction lower than the 
first index of refraction, the first core operable 
to communicate the optical signal such that it 
contacts the reflective surface at an input an- 
gle; and 

the first output optical fiber comprises a second 
core operable to receive the optical signal at an 
output angle determined based upon the input 
angle and having a third index of refraction sub- 
stantially similar to the first index of refraction. 

37. The optical switch of Claim 29, wherein the input 
waveguide comprises a first input waveguide and 
further comprising a second input waveguide cou- 
pled to the switching waveguide such that a contact 
surface of the switching waveguide totally internally 
reflects a second optical signal communicated by 
the second input waveguide when the switching 
waveguide is placed in the first position and such 
that the first output waveguide receives the second 
optical signal when the switching waveguide is 
placed in the second position. 

38. An optical switch for processing an optical signal, 
comprising: 

an input waveguide having a reflective surface; 
a return -loop waveguide coupled to the input 
waveguide; 

a first output waveguide coupled to the return- 
loop waveguide; and 

a second output waveguide having a first posi- 
tion spaced apart from the reflective surface 
such that the reflective surface totally internally 
reflects an optical signal toward the return -loop 
waveguide for communication to the first output 
waveguide, and the second output waveguide 
having a second position in proximal contact 
with the reflective surface to frustrate the total 
internal reflection of the optical signal such that 
the second output waveguide receives the op- 
tical signal. 
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39. The optical switch of Claim 38, wherein the reflec- 
tive surface comprises a first reflective surface and 
the first output waveguide further comprises a sec- 
ond reflective surface, the optical switch further 
comprising a switching waveguide having a first po- 5 
sition spaced apart from the second reflective sur- 
face such that the second reflective surface totally 
internally reflects the optical signal substantially 
along a longitudinal axis of the first output 
waveguide, and the switching waveguide having a 10 
second position in proximal contact with the second 
reflective surface. 

40. The optical switch of Claim 39, wherein the switch* 

ing waveguide is placed in its first position when the 15 
second output waveguide is placed in its first posi- 
tion and the switching waveguide is placed in its 
second position when the second output waveguide 
is placed in its second position. 

20 

41. The optical switch of Claim 38, wherein: 

the input waveguide comprises an input optical 
fiber; 

the return-loop waveguide comprises a return- 25 
loop optical fiber; 

the first output waveguide comprises a first out- 
put optical fiber; and 

the second output waveguide comprises a sec- 
ond output optical fiber. 30 

42. The optical switch of Claim 38, wherein the first out- 
put waveguide further comprises a second reflec- 
tive surface, the return-loop waveguide comprises 

a first return-loop waveguide, and the optical switch 35 
further comprising: 

a second return-loop waveguide coupled to the 
second output waveguide; and 
a second input waveguide coupled to the sec- *o 
ond return-loop waveguide and having a con- 
tact surface, the second input waveguide fur- 
ther having a first position spaced apart from 
the second reflective surface of the first output 
waveguide such that the contact surface totally 45 
internally reflects a second optical signal to- 
ward the second return-loop waveguide for 
communication to the second output 
waveguide, and the second input waveguide 
having a second position in proximal contact so 
with the second reflective surface of the first 
output waveguide to frustrate the total internal 
reflection of the second optical signal such that 
the first output waveguide receives the second 
optical signal. ss 

43. The optical switch of Claim 42, wherein the second 
input waveguide is placed in its first position when 



the second output waveguide is placed in its first 
position and the second input waveguide is placed 
in its second position when the second output 
waveguide is placed in its second position. 

44. The optical switch of Claim 42, wherein: 

the second input waveguide comprises an input 
optical fiber; 

the second return-loop waveguide comprises a 
second return-loop optical fiber; 
the first output waveguide comprises a first out- 
put optical fiber; and 

the second output waveguide comprises a sec- 
ond output optical fiber. 

45. A method for processing an optical signal, compris- 
ing: 

communicating an optical signal in an input 
waveguide; 

totally internally reflecting the optical signal at 
a reflective surface of the input waveguide to- 
ward a return-loop waveguide for communica- 
tion to a first output waveguide; 
placing a second output waveguide in proximal 
contact with the input waveguide to frustrate 
the total internal reflection of the optical signal; 
and 

receiving the optical signal in the second output 
waveguide. 

46. The method of Claim 45, wherein the reflective sur- 
face comprises a first reflective surface and the first 
output waveguide comprises a second reflective 
surface, the method further comprising: 

placing a switching waveguide in a first position 
spaced apart from the second reflective surface 
such that the second reflective surface of the 
first output waveguide totally internally reflects 
the optical signal substantially along a longitu- 
dinal axis of the first output waveguide; and 
placing the switching waveguide in a second 
position in proximal contact with the second re- 
flective surface to frustrate the total internal re- 
flection of the optical signal. 

47. The method of Claim 46, wherein the switching 
waveguide is spaced apart from the first output 
waveguide when the second output waveguide is 
spaced apart from the first input waveguide and the 
switching waveguide is placed in proximal contact 
with the first output waveguide when the second 
output waveguide is placed in proximal contact with 
the first input waveguide. 

48. The method of Claim 45, wherein: 
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the input waveguide comprises an input optical 
fiber; 

the return-ioop waveguide comprises a return- 
loop optical fiber; 

the first output waveguide comprises a first out- 5 
put optical fiber; and 

the second output waveguide comprises a sec- 
ond output optical fiber. 

49. The method of Claim 45, wherein the first output to 
waveguide further comprises a second reflective 
surface, the method further comprising: 

communicating a second optical signal in a sec- 
ond input waveguide; 15 
totally internally reflecting the second optical 
signal at a contact surface of the second input 
waveguide toward a second return-loop 
waveguide for communication to the second 
output waveguide; 20 
placing the second input waveguide in proximal 
contact with the second reflective surface of the 
first output waveguide to frustrate the total in- 
ternal reflection of the second optical signal; 
and 25 
receiving the second optical signal in the first 
output waveguide. 

50. The method of Claim 49, wherein the second input 
waveguide is spaced apart from the first output 30 
waveguide when the second output waveguide is 
spaced apart from the first input waveguide and the 
second input waveguide is placed in proximal con- 
tact with the first output waveguide when the sec- 
ond output waveguide is placed in proximal contact 35 
with the first .input waveguide. 

51. The method of Claim 49, wherein: 

the second input waveguide comprises an input *o 
optical fiber; 

the second return-loop waveguide comprises a 
second return-loop optical fiber; 
the first output waveguide comprises a first out- 
put optical fiber; and 45 
the second output waveguide comprises a sec- 
ond output optical fiber. 
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